Abstract: Staphylococcus aureus is an important and common Gram-positive bacteria which causes clinical infections and food-poisoning cases. Therapeutic schedules for treatment of S. aureus infections are facing a challenge because of the emergence of multidrug resistance strains. It is urgent to find new antiinfective drugs to control S. aureus infection. S. aureus strains are capable of producing the golden carotenoid pigment: staphyloxanthin, which acts as an important virulence factor and a potential target for antivirulence drug design. This review is aimed at presenting an updated overview of this golden carotenoid pigment of S. aureus from the biosynthesis of staphyloxanthin, its function, and the genes involved in pigment production to staphyloxanthin: a novel target for antivirulence therapy.
Introduction
Staphylococcus aureus is an important and common Gram-positive bacteria which can cause clinical infections and food-poisoning cases through producing a large number of extracellular virulence factors such as hemolysin, coagulase, enterotoxins, TSST-1, and protein A. 1 Diseases caused by this bacterium are minor skin infections, pneumonia, potential antivirulence agents for Gram-negative bacteria. 16 Flagellin proteins giycosylated with pseudaminic acid (Pse) is critical in the pathogenicity of Helicobacter pylori, small molecule compounds targeting the Pse biosynthetic pathway could inhibit the formation of flagella as a antivirulence drug. 17 In conclusion, earlier works revealed that antivirulence drugs exhibited significant advantages over antibiotics.
Researches have confirmed that the carotenoid pigment staphyloxanthin is an important virulence factor in S. aureus which can protect S. aureus from innate immune defense systems. 18, 19 Studying of antivirulence drug based on the pigment biosynthetic pathway in S. aureus has a great significance to developing new antimicrobials. Therefore, the overall aim of this review is to illuminate the biosynthetic pathway, function and regulation approach of staphyloxanthin in S. aureus for promoting the development of antivirulence drugs.
Biosynthesis of staphyloxanthin
The yellow-to-orange pigment is an eponymous feature for identification of S. aureus. Ogston 20 isolated a bacteria from surgical abscesses and named the genus Staphylococcus (staphylo means grape in Greek) to describe the grape-like clusters of bacteria observed under a microscope. In 1884, Rosenbach 21 categorized different Staphylococci isolates as S. aureus (golden, in Latin) and S. albus (white, in Latin) based on pigmentation. Later, it was confirmed this classification was not very accurate. For example, pigmentation was unstable and partly dependent on growth media. 22 Most strains isolated from natural sources produced orange colonies, 21 those bovines isolates or multidrug resistance strains were usually yellow. 23 Non-pigmented (white)
S. aureus could appear in pigmented colonies. 24 Then a more advanced classification method based on other characteristics of S. aureus replaced this simple classification. 25 Although more than 90% S. aureus isolated from human infections were golden pigmented, 26 studies had verified that some S. aureus isolates were non-pigmented. There was general agreement that these orange or yellow pigments are carotenoids, while there was considerable disagreement about their precise chemical structure. Carotenoids are structurally unique natural products that generally contain a long carbon chain skeleton in the central chain with two terminal rings. They generally have 40 carbons. Besides, carotenoids can also have 30 or 50 carbons when produced by certain bacteria via different intermediates. 27 This carbon chain presents a series of conjugated double bonds that give it antioxidant capacity. 28 The most important structural feature of carotenoids is the abundant delocalization of the polyene π-electrons which enables them to absorb visible light, conferring them intense colours that vary from yellow to red. [29] [30] [31] Until 1972, the major orange pigment of S. aureus was named staphyloxanthin by Marshall and Rodwell. 21 Marshall and Wilmoth 21 extracted the pigments from S. aureus S41 with methanol and identified the chemical structures of 17 intermediary compounds. They were all triterpenoid carotenoids possessing a C 30 structure rather than the common C 40 carotenoid structure which usually existed in most organisms. The major pigment was staphyloxanthin, an α-D-glucopyranosyl-
-(12-methyltetradecanoate) by NMR spectroscopy, in which glucose was esterified with a triterpenoid carotenoid carboxylic acid at the C 1 "position and a C 15 fatty acid at C 6 " position ( Figure 1 ).
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In the beginning, the postulated biosynthetic pathway of the triterpenoid carotenoids of S. aureus was reported in 1981. 33 This pathway has been verified by Wieland et al 34 who cloned the genes and analyzed the functions of CrtM and CrtN enzymes involved in the staphyloxanthin biosynthesis. The results also indicated that yellow pigments were observed only in those clones containing intact crtM and crtN. In 2005, the complete staphyloxanthin biosynthesis operon crtOPQMN was analyzed according to products analysis of crt mutants and protein sequences similarity comparisons. 18 The five genes involved in staphyloxanthin biosynthesis were located in an operon crtOPQMN and a σ B -dependent promoter lied in upstream of crtO. SigB plays a essential role in regulating staphyloxanthin biosynthesis, biofilm formation and virulence expression of S. aureus. [35] [36] [37] The genes and enzymatic reactions were shown in Figure 1 . To investigate whether the crtOPQMN was ubiquitous in S. aureus, we analyzed the crt genes cluster of 58 S. aureus completed genomes published in NCBI database. The protein sequences of crtOPQMN from 58 S. aureus were aligned in this study. The crt genes cluster was ubiquitous and had similar gene organization in 58 S. aureus. The organization of the crt genes cluster could be mainly divided into 9 types (Figure 2 ). Most standard S. aureus belonged to type 1 such as S. aureus N315, S. aureus Newman, S. aureus ATCC25923. Type 7 (S. aureus MRSA 252) and type 8 (S. aureus CN1) had unconsecutive crtM and crtN genes respectively which has never been reported. Type 9 (S. aureus MSHR1132, a clonal complex 75 clinical isolate) lacked the crt genes and was non-pigmented. Besides, it reported that 126 CC75 clinical isolates could not produce pigment in 2011. 37 The relationship between the other eight organizations of the crt genes cluster and colony color is still unknown.
Function of staphyloxanthin
Pigmented (orange or yellow) S. aureus can produce nonpigmented derivatives which show enhanced susceptibility to linoleic acid and desiccation. 38 MRSA strains which produce golden carotenoid pigments and have a wide distribution in the hospital can survive for a longer time than those that produce a small amount of pigment and have a restricted distribution. Biosynthesis pathway Absorption maxima(nm) Figure 1 The pathways of staphyloxanthin biosynthesis. The pigments were dissolved in ethyl acetate and the absorption spectra was measured.
carotenoid pigment with numerous conjugated double bonds which are capable of absorbing excess energy from ROS. 41 Reports have confirmed that some bacterial carotenoids such as those produced by S. aureus could protect against these defense molecules. [42] [43] [44] Likewise, Liu et al 45 reported that the carotenoid pigments could increase S. aureus virulence and neutrophil resistance because of its antioxidative activity, and significantly promote the development of subcutaneous abscess in a mouse model. Interestingly, heterologous expression of S. aureus carotenoids in the Streptococcus pyogenes (non-pigmented) exhibited increased antioxidative activity and neutrophil resistance. Compared with the wild-type strain, the non-pigmented S. aureus mutant was seen to be more easily killed by superoxide radical, hydrogen peroxide, hypochloride, hydroxyl radical and singlet oxygen. 45, 46 It's worth noting that the survival advantages conferred by the S. aureus pigments were out of action in the blood of mice and patients lacking oxidative burst function. 45 However, the role of staphyloxanthin in oxidative defense is complicated. 47 Research has shown that the antioxidant of staphyloxanthin that protects bacteria from neutrophil oxidants depends on the dose of reactive chlorine species that bacteria encounter in the phagosome and other antioxidants. In addition to its antioxidant property, staphyloxanthin ccan reduce cell membrane (CM) fluidity and stabilize the CM structure, changing the chemical composition and functional activity of the CM. 48 Most cationic antimicrobial peptides (CAPs) in mammals initially reacted with microbial electronegative CM, so it is important to examine the correlations between pigment production and susceptibility to CAPs. Mishra et al 49 compared the effect of a set of host defense peptides with different structures, sources and charges on a isogenic MSSA strain set which had different ability of pigmentation. The results showed that there was no significant difference in asymmetry, fatty acid profiles, phospholipid composition, cell wall thickness, and surface charge among the strain set, while the CM of the carotenoid-overproducing strain was more rigid than the wild-type and carotenoid-deficient strains, which led to higher resistance to host antimicrobial peptides. These indicated that carotenoids in S. aureus could enhance resistance to non-oxidative host defense mediated by cationic antimicrobial peptides through increasing CM rigidity.
In contrast, Liu et al 45 reported there was no difference in the susceptibility of wild-type and ΔcrtM S. aureus to cathepsin G and human neutrophil elastase. Carotenoiddeficient and wild-type S. aureus were susceptible to murine CRAMP (an 18-amino-acid CAP which carries a charge of +5). It seems that the potential function of carotenoids in non-oxidative host defense need further studies.
Genes involved in pigment production
The yellow-to-orange (golden) pigments have been recognized as a virulence factor in S. aureus due to its antioxidant activity. 45, 46 The genes involved in pigments synthesis belong to an operon crtOPQMN regulated by SigB. 50 The activity of SigB is controlled by a series of Rsb proteins encoded by rsb genes (rsbUVWsigB). 51 Researches have proved that the rsbUVWsigB system and crtOPQMN operon are essential for the pigmentation in S. aureus. 52, 53 Besides these genes, other genes can also regulate the pigments production (Table 1) . Katzif et al 54 found that the susceptibility of S. aureus COL to human lysosomal cathepsin G (CG117-136) was associated with the expression of cold shock protein CspA, CspA could regulate genes expression at the level of transcription when acted as a single-strand DNA-binding protein and it was overproduced during cold shock. Later, they found that a highly pigmented strain COL became nonpigmented when the cspA gene was deleted, 55 which meant the CspA was required for pigmentation in S. aureus. Loss of cspA resulted in decreasing expression of crtMN and sigB. It was unclear whether CspA regulated the expression of crtMN directly or indirectly because ΔcspA mutant exhibited decreased expression of sigB and asp23, a SigB-regulated gene. Taken together, CspA could control pigment production of S. aureus which was dependent on SigB. The Hfq (a host factor for RNA phage Qβ) protein was considered to be an RNA chaperone, which was a multifunctional regulator in bacteria. 56 Deletion of hfq gene in S. aureus 8325-4 (a SigB deficiency, nonpigmented) could increase the yellow carotenoid pigmentation by increasing mRNA level of crtM as well as the resistance to oxidant and neutrophils, which meant hfq regulated crtM expression negatively in sigB-deficient mutant. It is strange that the survival of Δhfq mutants in the whole blood was lower than that of wild-type and the toxicity of mutants was significantly decreased in cells and murine peritonitis model, which suggested the pathogenicity of the mutant was reduced despite pigment production being increased. 57 62 Staphylococcal dnaK was important in protecting S. aureus from oxidation, heat, and antibiotic stress. It also has an important influence on autolysis, pigmentation and survival in a mouse model. 60 The
ΔdnaK mutants of S. aureus were shown to be still capable of producing pigments, but only producing fewer carotenoids (pale yellow orange colonies) compared with wild-type strain SH1000 (bright golden-yellow colonies). The mutants demonstrated an increased susceptibility to oxidative stress conditions and a decreased survival in a mouse model. 60 But the mechanism of action of dnaK deletion in pigmentation is not yet known. Lan et al 63 screened a group of S. aureus pigmentation mutants by transposon insertion, finding that 15 unidentified genes could affect pigmentation. It is worth noting that disrupted metabolic pathways such as the tricarboxylic acid cycle (TCA), purine biosynthesis, and oxidative phosphorylation result in enhanced pigmentation, while the purine biosynthesis mutants and oxidative phosphorylation mutants exhibit significantly attenuated virulence in a murine abscess model. Inactivation of TCA cycle genes (citZ, citG, and SAV2365) could enhance pigmentation but the expression level of sigB or crtM was not elevated. Farnesyl diphosphate, a substrate of pigmentation, was produced through the mevalonate pathway in S. aureus. Inactivation of the TCA cycle genes may lead acetyl-CoA flux to the mevalonate pathway to produce farnesyl diphosphate, which results in increased pigmentation. Disrupting oxidative phosphorylation genes (ctaA and qoxB) gives increased pigmentation, crtM mRNA level was elevated in the ctaA mutant while crtM, sigB mRNA levels showed no significant change in a qoxB mutant. The enhanced pigmentation in purine biosynthetic (purN, purH, purD, or purA) mutants is likely caused by increased expression of sigB.
The biosynthetic pathway of staphyloxanthin: a novel target for antivirulence therapy
In the past several decades, numerous antibiotics have been developed and used for bacterial infections. However, the rate of discovering new antibiotics has significantly decreased. 64 Furthermore, current usage of bactericidal compounds is often unsuccessful because of the emergence of MRSA. 5, 6 Hence, the antivirulence approach aimed to reduce the production of virulence factors without affecting bacterial growth to impede the possible emergence of drug resistance has attracted strong research interest. Staphyloxanthin, a yellow-to-orange pigment, has been recognized as an important virulence factor of S. aureus. 45 To a certain extent, if we can find a method to control or inhibit the production of staphyloxanthin, S. aureus may not be able to infect and survive in the host. Therefore, the staphyloxanthin biosynthesis pathway is a potential target to treat S. aureus infections.
Researches have found some natural compounds could inhibit staphyloxanthin biosynthesis. Sakai et al 65 established a convenient assay-paper disks to observe staphyloxanthin production of MRSA. They found four inhibitors of lipid metabolism (cerulenin, dihydrobisvertinol, xanthohumol, and zaragozic acid) and two anthraquinones (6-deoxy-8-O-methylrabelomycin and Tetrangomycin) could inhibit staphyloxanthin production without affecting S. aureus growth. Staphyloxanthin consisted of a polyprenyl moiety, a sugar moiety and an acyl moiety. Therefore, it seemed reasonable that these inhibitors of lipid metabolism could inhibit staphyloxanthin production because they inhibit the production of polyprenyl and acyl residue in the staphyloxanthin structure. But the accurate mechanism of action of the two anthraquinones were unclear. Flavonoids are ubiquitous in plants and are commonly found in fruit, vegetables, seeds, stems , and flowers. They are biologically active in combating diseases in humans because of their diverse biological functions, such as antioxidative, antifungal, antiviral, antibacterial, and anticarcinogenic activities. 66 Flavone, a backbone compound of flavonoids, markedly reduces the production of staphyloxanthin and α-hemolysin without inhibiting the planktonic growth of S. aureus at subinhibitory concentration (50 µg/mL). This staphyloxanthin reduction renders the S. aureus cells 100 times more vulnerable to hydrogen peroxide in the presence of flavone. 67 Although the exact action mechanisms of flavone's antivirulence activity remains to be determined, the results suggests that the screening of a larger library of flavonoids will generate more potent therapeutic options for S. aureus. by inducing the activity of the CrtM enzyme and inhibiting the CrtN enzyme. Consequently, the survival ability of the treated S. aureus was decreased in human whole blood. 72 The biosynthesis of staphyloxanthin started with condensation of two molecules of farnesyl diphosphate to form dehydrosqualene, catalyzed by CrtM. 33 The crystal structure of S. aureus CrtM at 1.58 Å (PDB accession number 2ZCO) was very similar to that of human squalene synthase (SQS:PDB accession number 1EZF) involved in cholesterol biosynthesis in humans. The superposition of crtM and SQS showed a 5.5 Å root-mean-square (RMS) deviation between the C a atoms. Liu et al 64 reported three SQS inhibitors (phosphonosulfonates BPH-652, BPH-698 and BPH-700) could inhibit CrtM activity, resulting in non-pigmented S. aureus with increased susceptibility to human blood and innate immune system in a mouse model. Furthermore, these three phosphonosulfonates did not affect the growth of three human cell lines (MCF-7, NCI-H460 and SF-268). Among three phosphonosulfonates, BPH-652 had a good IC50(110nM) in pigment inhibition. Until now, only one compound BPH-652 has been confirmed can decrease S. aureus survival in a mouse model. The crystal structure of CrtM and SQS have published in PDB date base. Molecular docking is an effective approach to predict the binding mode of substrate in its receptor, which has been successfully used in drug design. 73 It suggests that it is a simple and potent way to develop antivirrulence drugs by screening CrtM inhibitors that have no effect on SQS through molecular docking. CrtN enzyme can also be an important target for antivirulence therapy except CrtM. 
Conclusions
The complete staphyloxanthin biosynthesis was illuminated in 2005, 32 there were five genes organized in an operon crtOPQMN invoved in staphyloxanthin biosynthesis. Dehydrosqualene catalyzed by the CrtM was not a carotenoid, which was colorless. The yellow carotenoids 4,4ʹ-diaponeurosporene and 4,4ʹ-diaponeurosporenic acid catalyzed by CrtN, CrtP could convert to an orange end product, staphyloxanthin. 32 There were yellow, orange, and white colonies of S. aureus isolated from the environment, it's tempting to propose that the major pigments of yellow colonies were 4,4ʹ-diaponeurosporene or 4,4ʹ-diaponeurosporenic acid. The yellow carotenoids were also capable of absorbing excess energy from ROS. 41 It seemed that researchers had paid little attention to the difference in antioxidant capacity between the yellow and orange isolates which is worth further studying. There were nine types of organization of the crt genes in the published 58 S. aureus genomes, it's remains unknown what the difference is on the biosynthesis of pigment between the white, yellow, and orange isolates. The relationship between the organization of the crt genes and colony color needs further study. Carotenoid pigments of S. aureus could serve as a protective function against neutrophil killing of the host due to their antioxidant ability. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] There has been considerable disagreement about the relationship between pigments and CAPs 45, 49 The potential function of pigments in non-oxidative innate host defenses needs further study. The rsbUVWsigB system and crtOPQMN operon were necessary for the pigmentation in S. aureus. 52, 53 Besides these genes, other genes could regulate the pigment production (Table 1) . CspA and dnaK positively regulated pigment production in S. aureus. While hfq and genes involved in the TCA cycle, purine biosynthetic and oxidative phosphorylation regulated pigmentation negatively. The expansion in bacterial resistance to antibiotics has created an urgent need for effective antimicrobial agents as well as antivirulence compounds. Researches have shown that some compounds could inhibit the pigmentation of S. aureus, which increased susceptibility to innate immune clearance. Three phosphonosulfonates blocked staphyloxanthin biosynthesis in vitro by inhibiting CrtM activity. 64 Four inhibitors of lipid metabolism could inhibit staphyloxanthin production because they inhibited the production of polyprenyl and acyl residue in the staphyloxanthin structure. But the accurate mechanism of action of two anthraquinones need to be studied. 65 Furthermore, Sakai et al 65 did not mention whether the pathogenicity of S. aureus was decreased. Flavone, usually seen as an antioxidant and antibacterial showed good inhibition on pigmentation, while the mechanism of action was unknown. 67, 68 Rhodomyrtone-treated S. aureus exhibited reduced pigmentation, that probably induced the activity of the CrtM and CrtN enzyme. 71 In 2008, Eric's group first reported that cholesterol biosynthesis inhibitor BPH-652 could result in colorless S. aureus with increased susceptibility to innate immune system in a mouse model and nontoxic to three human cell lines. In 2016, an FDA-approved antifungal agent, Naftifine hydrochloride (NTF) and his derivative 47 could block the STX biosynthesis pathway by targeting CrtN to treat MRSA infections. 73 In conclusion, it is hard to clarify the relationship between staphyloxanthin and S. aureus virulence. Some researches indicated that lacking of staphyloxanthin could impair S. aureus virulence compared with wild type. 64, 74 Whereas, Liu's study showed the SigB mutation which could not produce staphyloxanthin still retained bacterial virulence in animal killing and skin abscess formation in mouse models. 75 Disrupting metabolic pathways of purine biosynthesis and oxidative phosphorylation resulting in enhanced pigmentation along with attenuated virulence in a murine abscess model. There is no doubt staphyloxanthin is a virulence factor of S. aureus, but S. aureus pathogenicity is multifactorial, the pigments are just one factor. It is not possible to evaluate the toxicity of S.aureus only by the amount of pigment production. The relationship between colony pigment, virulence and drug resistance is still unknown.
Up to now, antivirulence drugs against S. aureus infections targeting crtM and crtN have exhibited a promising prospect, while the similar structural features between S. aureus crtM and human squalene synthasean, 64 the drugs targeting crtM may affect human cholesterol biosynthesis which indicate crtM may be an unfavorable target for antivirulence drugs. Researches should pay more attention to the antivirulence drugs against S.aureus targeting crtN activity, 4,4ʹ-diaponeurosporene levels, or both components. Also, to identify effective antivirulence drug targets by network analytics is a novel method which can be used in the drug development field in the future.
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